Background: Lateral extra-articular soft tissue reconstructions in the knee may be used as a combined procedure in revision anterior cruciate ligament surgery as well as in primary treatment for patients who demonstrate excessive anterolateral rotatory instability. Only a few studies examining length change patterns and isometry in lateral extra-articular reconstructions have been published.
the anterolateral side of the knee, 6, 8, 20, 50 and 3 of them suggested a possible link between damage to these structures, ALRI, and the Segond fracture. 6, 8, 50 While each group named its identified structure the anterolateral ligament (ALL), 3 different femoral attachment sites were reported: Claes et al 6 and Vincent et al 50 Lateral extra-articular procedures are sometimes used in revision ACL surgery 47 and in primary cases displaying excessive ALRI, 33, 51 after a combined injury of the ACL and the peripheral structures and after it is judged that an isolated intra-articular ACL reconstruction may be inadequate to control rotational instability. Such reconstructions typically involve routing a strip of the ITT left attached to the Gerdy tubercle, which is passed deep to the lateral (fibular) collateral ligament (LCL) before being attached to the lateral femur. 5, 25 This technique provides a lateral ''checkrein'' against anterior tibial subluxation by positioning the graft posterior to the transverse axis of rotation throughout the entire range of motion. 5 However, these extra-articular reconstructions have lost popularity because of a number of perceived and actual drawbacks: excessive constraint of internal tibial rotation, 11, 12, 15, 32 failure to restore normal anterior-posterior stability, 11, 12 alteration of kinematics, 14, 15 and unsatisfactory clinical results 7, 17, 24, 38 even in combination with an intra-articular procedure. 3, 35, 39, 43 On the contrary, other authors have found reduced internal rotational laxity and good clinical outcomes after extra-articular reconstructions, 4, 33 both at follow-up 26, 31, 34, 40, 48 and at the time of revision surgery. 47 Long plaster cast immobilizations, nonisometric graft positioning, and graft tensioning may have contributed to the poor results in the past. 9 Also, of course, historically these lateral extra-articular soft tissue reconstructions were often used without simultaneous intraarticular ACL reconstruction, thereby leaving a major ligamentous restraint unaddressed.
The principle of isometry indicates a constant distance between 2 moving points, where the points are on either side of a joint. Exactly isometric behavior rarely exists and has not been found for ACL 36 or lateral extra-articular soft tissue reconstructions. 41 However, it is widely accepted that a degree of isometry of a ligament reconstruction reduces the likelihood of unwanted graft behavior. 1 Inappropriate graft positioning and tensioning of a lateral extra-articular soft tissue reconstruction may excessively stretch the graft at certain knee flexion angles. This may overconstrain the lateral compartment of the tibiofemoral joint and ultimately lead to graft failure, place excessive compressive load on the articular cartilage in the lateral compartment, and compromise graft healing to the surrounding bone. 2 It has been found that an increase in separation distance between insertion points of just 6% could lead to permanent graft stretching. 37 Conversely, if a graft becomes slack at a particular knee flexion angle, it may not be able to adequately replicate the function of the reconstructed ligament. Only a few studies of the isometry of lateral extra-articular reconstructions have been published, with none of these considering a graft passing deep to the LCL. 10, 22, 23, 41 Given that a lateral reconstruction is intended to stabilize the weightbearing knee and that the knee has greater rotational laxity when flexed, it may be desirable for a graft to be longer/tighter in extension and shorter/slacker in flexion.
The aims of the present study were to (1) determine the effect of changing tibial and femoral attachment points on ligament and graft length change pattern through knee range of motion; (2) investigate the effect of altering the path of the graft in relation to the LCL (superficial or deep); (3) examine the length change pattern of native tissue structures, extraarticular soft tissue reconstructions, and previously described isometric combinations 10, 22, 41 on the anterolateral side of the knee; and (4) compare the length change patterns of the different tibiofemoral point combinations. 10, 22, 41 
MATERIALS AND METHODS

Specimen Preparation
Eight fresh-frozen left knees from donors with a mean age of 76 years (range, 69-86 years; 5 male and 3 female) were obtained from a tissue bank after ethical approval was given by the local research ethics committee. Before testing, the specimens were thawed for 24 hours; the femur was cut approximately 180 mm from the joint line, and the tibia was cut 160 mm from the joint line. An intramedullary rod was then cemented into the femur and another into the tibia using polymethylmethacrylate (PMMA) bone cement. The skin and subcutaneous fat were removed, leaving the muscles and the fascia intact. The ITT was then dissected away from the vastus lateralis longus and vastus lateralis obliquus muscles. The lateral retinaculum (iliopatellar band) was horizontally incised to the point where the lateral femoral condyle became clearly visible. The lateral retinaculum was sutured back after the preparation was finished. The ITT was then cut from the intermuscular septum and its deep layer (Kaplan fibers). The capsulo-osseous layer of the ITT was resected from its proximal attachment at the supra-epicondylar region and its distal attachment at the lateral tibial joint margin. Thus, only the superficial ITT layer was left attached at the Gerdy tubercle. Consistent with the technique used in previous studies, the quadriceps muscle was separated into its 6 anatomic parts: rectus femoris, vastus intermedius, vastus medialis longus, vastus lateralis longus, vastus medialis obliquus, and vastus lateralis obliquus. 18, 42 Cloth strips were sutured to the proximal parts of the quadriceps and to the ITT to augment the soft tissues and to prevent slippage of the loading cables.
The femoral intramedullary rod was secured into a knee extension test rig ( Figure 1 ). The posterior condylar axis of the femur was aligned parallel to the base of the rig. 42 The anatomic parts of the quadriceps muscle and the ITT were then loaded according to their fiber orientation, using hanging weights and a pulley system. Based on previous studies, a total of 175 N was applied to the quadriceps muscle parts 16 and 30 N to the ITT. 18, 42 This tension extended the knee fully, which could then be flexed and held at up to 90°of flexion (in 10°increments) using a horizontal bar anterior to the tibial rod. Before the length change measurements, the loaded knee was cycled 10 times between 0°and 90°of flexion to minimize the effects of soft tissue hysteresis.
Length changes between tibial and femoral attachments were measured by attaching small pins to the tibia and eyelets on the femur. Sutures connected the pins to a displacement transducer via the eyelets. One tibial pin was positioned at the tip of the Gerdy tubercle (pinG) and another at the rim of the lateral tibial condyle halfway between the fibular head and Gerdy tubercle (pinA), which has been reported as the tibial attachment site of the capsulo-osseous layer of the ITT, 44 the midthird lateral capsular ligament, 21 and the ALL described by Claes et al 6 and Dodds et al. 8 A monofilament suture was attached to each of these 2 pins. Six femoral eyelets, labeled E1 to E6, were positioned according to the anatomic structures, lateral extra-articular soft tissue reconstruction methods, and previously defined isometric points on the anterolateral side of the knee ( Figure 2 and Table 1 ). These lateral extra-articular soft tissue reconstructions typically route a strip of the ITT beneath the LCL and loop it back to the Gerdy tubercle via a bone tunnel in the lateral femoral condyle (Lemaire 25 and Losee 29 procedures), via a suture fixation on the intermuscular septum (MacIntosh 30 procedure), or via the over-the-top position after an intra-articular ACL reconstruction (Zarins-Rowe 52 procedure).
The monofilament suture was collinearly attached to a linear variable displacement transducer (LVDT; Solartron Metrology), thereby enabling measurement of length changes between a pin and an eyelet at knee flexion angles between 0°and 90°(in 10°increments). The monofilament suture was constantly under a small tension because of the weight of the sliding core of the LVDT (0.5 N). Depending on the structure, lateral reconstruction method, or isometric point being assessed, the suture was guided either superficial or deep to the LCL (Table 1) . Length change measurement data were collected for each of the 16 ligaments or reconstructions in each of the 8 knees and were processed using Solartron Orbit Excel software (Solartron Metrology). Each measurement was repeated 3 times, and the average results were used for analysis.
Data Analysis
Absolute lengths between the different tibiofemoral point combinations were measured to 60.5 mm at 0°by use of a ruler. The length change data were then normalized to percentage (strain = length change=length at 0°3 100%) with reference to the length at 0°of knee flexion.
To compare the isometry of the different tibiofemoral combinations, the total strain range (TSR; max Strain -min-Strain ) was calculated for each knee and then averaged. Low values of TSR reflect near isometry, and high values nonisometry.
Statistical Analysis
Statistical analysis was as follows:
1. Overall effects of changing the graft attachment position on the tibia (pinA and pinG) and the femur (E1-E6) and on knee flexion (0°-90°) were calculated via repeated-measures analysis of variance (ANOVA). The course past the LCL was constant (superficial). 
RESULTS
Attachment Sites
Altering the femoral attachment site had a large effect on the length changes (P \ .001): For example, changing from pinA/E1 to pinA/E3 changed the pattern from slackening to tightening with knee flexion (Figure 3 ). The tibial attachment location had a smaller effect on length change pattern but was still significant (P \ .001): for example, changing from pinA/E6 to pinG/E6 ( Figure 3 ).
Graft Course
Graft length change patterns were significantly different depending on whether the graft ran superficial or deep to the LCL (P \ .001) ( Figure 4 ). There was a tendency for the superficial grafts to lengthen during early knee flexion, whereas those running deep to the LCL tended to decrease in length.
Length Change Pattern and Total Strain Range
Native Tissue Structures of the Anterolateral Side of the Knee. The attachment points of the ALL described by Dodds et al 8 (pinA/E3 combination) were most isometric among the ligaments on the anterolateral side (TSR [mean 6 SD] = 8.7% 6 5.7%), decreasing in length between 30°and 80°of knee flexion (where a decrease in length between the points means a tendency for a graft to slacken, and vice versa). However, no significant difference in TSR value was found compared with the other ligament combinations tested (Figures 3 and 5 ). The length between the attachment points of the ALL described by Claes et al 6 (the pinA/E1 combination) increased between 10°and 90°o f flexion, with the greatest overall TSR of 20.2% 6 8.4% The posterior fibers of the ITT (pinA/E6 combination) were almost isometric at flexion angles between 0°and 50°and then displayed a decrease in length from 50°to 90°(TSR = 9.4% 6 3.3%). Conversely, the anterior fibers of the ITT (pinG/E6 combination) increased in length between 0°and 40°of flexion (TSR = 10.4% 6 3.4%) and were then almost isometric from 40°to 90° (Figure 3 ). There was a significant difference in overall length change pattern between these 2 combinations (P \ .001).
No significant differences in TSR values were found among all ligament combinations tested.
Lateral Extra-articular Soft Tissue Reconstructions. The sutures following the course of the MacIntosh 30 procedure (pinG/E6 combination), routed deep to the LCL, were closest to isometry among all tibiofemoral point combinations tested ( Figures 5C and 6) , with an overall TSR of 5.5% 6 2.4%. The length change patterns of the MacIntosh, Zarins-Rowe/posterior part of the Losee, and Lemaire lateral extra-articular soft tissue reconstructions (pinG/E6, pinG/ E5, and pinG/E3) were all similar when guided deep to the LCL (Figure 6 ), particularly between 0°and 30°. The 3 corresponding femoral attachments (eyelets E3, E5, and E6) were located on a straight oblique line on the lateral aspect.
The anterior part of the Losee reconstruction (pinG/E1 combination) displayed a uniform increase in length between 0°and 90°of knee flexion (TSR = 25.9% 6 9.8%), and its length change pattern was significantly different (P \ .001) compared with those of all other tested reconstructions. The TSR value was significantly higher than that of the Lemaire reconstruction (pinG/E3; P = .024), the Zarins-Rowe/posterior part of the Losee reconstruction (pinG/E5; P = .017), and the MacIntosh reconstruction (pinG/E6; P = .010). 
DISCUSSION
The purpose of the present study was to assess length change patterns and isometry of several combinations of tibial and femoral points on the lateral side of the knee. To our knowledge, this is the first study to investigate the course of a graft running deep to the LCL, which makes it relevant to previously described surgical techniques of lateral extraarticular soft tissue reconstructions. All tibiofemoral reconstruction combinations inserting proximal to the lateral epicondyle and with a course deep to the LCL (pinG/E3, pinG/ E5, and pinG/E6) were close to being isometric between 0°a nd 90°knee flexion, with only a slight increase in length as the knee was extended. These are ideal properties for a lateral extra-articular soft tissue reconstruction. These reconstruction combinations had very similar length change patterns. This similarity was present because their course was deep to the LCL; therefore, the lateral epicondyle, with the proximal LCL attachment, acted as a pulley, retaining the graft posterior to the knee flexion axis of rotation within the investigated range of motion. Conversely, there was much greater variability in length change patterns when the suture was guided superficial to the LCL. In this case, the epicondyle acted as a ''hump'' and the suture remained anterior for low flexion angles and moved posteriorly as flexion angle increased. Figure 3 .
Length change pattern of all tested native tissue structures with pooled 95% CI. In relation to tibial pinA, a change from femoral eyelet E1 to E3 changed the length change from a mean 19-mm elongation to 8-mm shortening.
Moving from G to A on the tibia had a smaller effect, in relation to femoral eyelet E6.
Krackow and Brooks 22 examined various tibiofemoral point combinations with a flexible ruler. They applied a central load to the whole quadriceps muscle group and did not load the ITT, in contrast to the current study. The length change pattern of their T3-to-F9 combination was close to isometric, and we found a similar result in this study when reproducing it using the pinG/E5 combination. Furthermore, we also observed the Gerdy tubercle moving slightly laterally and posteriorly in terminal knee extension due to the ''screw-home'' mechanism. Thus, length slightly decreased at low flexion angles (Figure 3) . With regard to the effect of alteration of the femoral eyelet observed by Krackow and Brooks, the length change plot displayed a uniform lengthening during knee flexion when the femoral insertion site was distal and anterior to the lateral epicondyle (pinG/E1). Conversely, when the femoral insertion site was moved proximal and posterior to the lateral femoral epicondyle (pinG/E3 and pinG/E4), the length change plot showed an increase in length in low flexion angles and then decreasing length in high flexion angles.
The most isometric combination of the present study was the pinG/E6 combination, corresponding to the MacIntosh 30 reconstruction. This suture path deep to the LCL does not represent a native structure of the knee. However, the MacIntosh reconstruction anchors the ITT to its natural insertion on the femur at the distal termination of the intermuscular septum (Kaplan fibers), which may explain the high degree of isometry. The most isometric femoral point combination with the Gerdy tubercle reported by Sidles et al 41 isometric combination. Further comparisons of the data in this study to those 2 studies are difficult, because both of them involved calculations of a theoretical 3-dimensional straight-line distance, rather than the actual path accounting for anatomic irregularities and the course deep to the LCL.
The data for the length change measurements of the capsular ALL of Claes et al, 6 who found an average length increase from full extension to 90°flexion of 3 mm, were consistent with the present study. However, this study measured a length increase in the pinA/E1 combination of more than double that amount (7.4 6 3.0 mm), resulting in a strain of 19.0% 6 8.8% at 90°of flexion. These results imply that the ALL described by Claes et al and the midthird lateral capsular ligament are slack in low flexion angles, which is where the pivot-shift occurs, because soft tissues cannot sustain large strain cycles. Dodds et al 8 found a mild decrease in length of the ALL of 5.8 6 4.1 mm from 0°t o 90°, and the matching pinA/E3 combination in this study had a similar length decrease of 4.0 6 3.5 mm.
In good agreement with length change measurements in previous studies of the ITT, 19, 28 the anterior fibers (pinG/E6) displayed a plateau of increased length in high flexion angles, whereas the posterior fibers (pinA/E6) had a plateau of increased length in low flexion angles. This implies that different ITT fiber areas are taut in different flexion ranges. These findings suggest that it is not the ALL alone that controls anterolateral rotation of the tibia, and that other structures such as parts of the ITT may have a role. This is emphasized by the findings of Terry and LaPrade 45 that the anterior arm of the short head of the biceps femoris muscle, the capsulo-osseous layer of the ITT, and the midthird lateral capsular ligament were attached at the site of the Segond fragment.
It is known from previous clinical studies that extraarticular soft tissue reconstructions in combination with an intra-articular ACL reconstruction are capable of controlling the anterior subluxation of the lateral tibial plateau. 26, 33, 40, 48 This is supported by this study, as all tested reconstructions except for the anterior part of the Losee reconstruction showed a lengthening as the knee approached full extension. The femoral insertion sites of these reconstructions, passing deep to the LCL, were all located on an oblique line on the distal femur from just proximal to the lateral epicondyle to the posterior edge of the lateral aspect of the femur at the metaphysis. It is possible that all points on this line may have similar length change patterns and low TSR values, thereby presenting a safe area for positioning the extra-articular femoral insertion point. However, care must be taken when combining length change data with other factors such as femoral graft fixation and tensioning. The length change plots only represent the mean length change of 8 specimens, which included minor interspecimen variability. This may be due to different knee kinematics and anatomic variations. For example, in one knee there was a thicker femoral insertion of the lateral gastrocnemius tendon, which changed the path of the suture.
In addition to the age and number of knees, some limitations of this study must be noted. First, an active loading state was created by loading the quadriceps muscle parts and the ITT according to their fiber directions. However, only one loading state was tested, and others were not considered. A second limitation was the use of a suture to measure tibiofemoral point length changes. This effectively reduced the complex fiber bundle structure of a ligament or a graft to a single fiber, which may have had an effect, particularly when the suture was passed deep to the LCL. This study has provided data on the changes of length between attachment points in the intact knee; use of tendon grafts in actual reconstructions would add further variables. The type of graft, the tension, the fixation method, the angle of knee flexion, and the angle of tibial internal-external rotation would all affect the results and may be studied separately. Third, the maximum unloaded length 27 of each ligament (ie, the point of transition from the ligament being slack to being taut) was not measured; hence, we can only speculate on the actual tensile strain. However, the strain of reconstruction grafts can also be influenced by varying the flexion angle of graft fixation and by pretensioning. Additionally, we felt that it was preferable to ''normalize'' all femoral eyelet locations. This proved to be less straightforward than we imagined because of the variable ligament attachment sites, ambiguous anatomic descriptions, and different knee sizes. For example, the main femoral insertion site of the midthird lateral capsular ligament has been described at the tip of the lateral femoral epicondyle. 6, 21 However, we observed an attachment site slightly anterior and distal, resulting in a 2-mm distance between actual and described attachment sites (Table 1) . Finally, lateral extra-articular reconstruction is usually used to control tibial internal rotational laxity, and so data showing the effects of tibial rotation on the structures examined would be of interest. However, we faced the practical limitation of the time required to make those extra measurements on the set of knees, which would have been excessive, and also the consideration that it would be more clinically relevant to perform measurements of restraint to tibial rotation rather than length changes.
CONCLUSION
The results of this study provide a rationale regarding the course and the behavior of the graft for an extra-articular lateral-based reconstruction. The sutures representing grafts that ran deep to the LCL, with insertion sites proximal to the lateral epicondyle, showed desirable length change patterns, having relatively low length changes during knee flexion-extension and being longer (tighter) near knee extension, implying an ability to prevent anterior subluxation of the lateral tibial plateau. This path and femoral attachment site did not correspond to any anatomic structure. The ALL of Dodds et al 8 passed over the LCL and gave a similar length change pattern, but some other ligaments or lateral extra-articular soft tissue reconstructions did not provide this. Further studies should determine which of the lateral structures resist the loads that tend to cause tibial internal rotational subluxation
